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A TWO-DIMENSIONAT, DIGITAL COMPUTER PROGRAM FOR CALCUTATICN

OF OPTIMUM TRAJECTORIES FROM ILAUNCH TO INJECTION

SUMMARY

A two=dimensional digital computer program has been developed for
computang optimum trajectories from launch to injection  An optimum
trajectory i1s the trajectory that allows the maximum payload to be
placed into the desared orbat  Assuming a fixed thrust, the optimum
trajectory 1s & minimum flight time trajectory  The program equations
of motion describe the flight of a point-mass muitistage vehicle over
a spherical planet with the effect of planet rotation taken into account

This program was written to replace itwo existing trajectory pro-
grams  an atmospheric preset angle-of-attack trajectory program and a
vacuum calculus of varietions trajectory program  Preliminary results
indicate that use of the new program will effeet at least a 50 percent
reduction in the total time required to complete a launch vehacle per-
formance study using the two exasting programs

INTRODUCTION

Most prelaminary performance trajectory studies necessitate the
use of large storage, high speed, digital computers Due to the high
rental cost of these computers, 1t i1s highly beneficial to use the most
efficient programs available Consequently, the FPerformance Analysis
Section of the Advanced Spacecraft Technology Davision is conducting a
continuing search for new and wmproved methods of calculation

One area in which this continuing study i1s yielding signaficant
progress 1s that concerned wath the calculation of optimum trajectories
In the past, optimum trajectory calculations have requived the use of
two computer programs: an atmospheric preset angle-of-attack program
and a vacuum calculus of varnations progrem  The former program was
used to calculate the atmospheric segment of the trajectory as well as
the 1nitial conditions for the calculus of variations program  Using
these 1nitial conditions, the latter program was subsequently used to
calculate an optimum trajectory to a desired flight path angle and al-
titude As used here, an opbtimum trajectory is that trajectoxry which
y1elds the maximum payload at ingection

The above process for caleulating optaimum trajectories was time
consuming in terms of both man hours and machine time  Using this pro-
cess, a minimum of five preset angle~of-zttack trzjectories were required



necessitating 10 separate machine runs with considerable intermediate
manual date preparstion At least 81 calculus of variations trajec-
tories were required, or, under less favorable conditions, an average
of 137 computed trajectories per study

The program described in this paper was written to replace the
two programs described above and represents a gignificant amprovement
over the above technique Using the present program, the average num-
ber of preset angle-of-attack trajectories computed 1s seven and the
average number of calcuwlus of variations trajectories computed 1s 80,
2ll in one computer run This program permits a savang in TRM TO9L
machine time of almost 50 percent and a saving in man hours of approxi-
mately 60 percent

The present paper presents a detailed description of the new pro-
gram The appendixes wnclude the equations of motion and auxiliary
equations, input loecations, print schedule, and Fortran listang of the
program

STMBOLS
Symbol Fortran Print Definaition
AAR AAA AAA Integration constant
A ARFA Cross secticnal area of the first

stage (ftg)

Ae AR AR Exhaust area of the first
stage engines (fte)

h ALT ALT Altitude (£t),

a Semi-major axis (£t)

CD CD CD Ax13] drag coefficient

Cyy CL ClL Normal 1ift coefficient/radian
[0 4

D IRAG DRAG Drag (1bs).

F F THRUST  Vehicle thrust {1bs),
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sp
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Hoo=x = ct
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Fortran Prant
GRAV GRAV
ERAVO

s1P I8P
ATLTFT LIFT
SAM MASS
MACH MACH
FRES PRES
QD Q

R RER
T TTME
v VEL
WCET WLBS
X X
ATPHA ATPHA
TATHER THETA
ATAM LAMB
RHO RHO
PHT PHT
PHIPR

OMEGA

Defanitaion

Vehicle aceeleration due to the
gravity of the planet (ft/secg)

Factor for converting weight to
mass (ft/sece)

Specific ampulse (sec)

Lot (1bs).

Mass (slugs),

Mach number

Atmospheric pressure (1bs/ft%)
DynamiC pressure (Ibs/ftg)

Dastance from center of planet to
center of vehicle (ft)

Tame (sec)

Vehicle velocity (ft/sec)
Weaght (1bs)

Ground range
Angle-of-attack (deg).

Angle between local vertiecal and
veloeity vector (deg)

Iagrange Multaiplier
Atmospherie density (Ibs/fts)
Range angle (deg)

Iatitude (deg)

Rotation velocity of planet
(rad/sec).



Subscripts

DES Desaired

M Maztamum

0 Initial oxr planet surface condations
P Predicted

s Speed of sound

SF Space fixed

Sh Sea level

PROGRAM DESCRIPTION

Atmospheraic Preset Angle-of-Attack Computations

The preset angle~of-attack section of the program s designed to
predrct the point mass trajectory through an atmosphere over a non-
rotating celestial sphere  The equations of motion are written assum-
ang two degrees of freedom with motion an the pateh plane only. These
equations together with the necessary auxiliary equations are presented
an gppendix A

The preset angle-of-attack seectiron simulates the vertiecal flight
of the vehicle until some preselected time when the vehicle will have
obtained sufficient altitude to clear all ground obsitructions At this
time a small angle-of-attack 1s ramped in and held at a constant value
until 1t 1s ramped out at some preselected time before the high dynamic
pressure region A no~lift (zero angle~of-attack, gravity t1lt) trajec-
tory 1s then flown through the high dynamic pressure region until cut-
off time of the first stage

Capabilaty of instantaneous changes in flow rate, thrust, and ex-
haust area are incorporated into this section of the program to simulate
engine cubt-off, coast period, engine farlure, and other sudden shifts
that can occur durang flight

The effect of planet rotation on the velocity of the ascending ve=-
hicle 1s accounted for by a space-fixang equation introduced after cut-
off of the farst stage This rotational effect 18 estimated by vecto-
rizlly adding the rotational velocity vector of the planet to the vehicle
velocity vector Thas caleulation produces a change in both the magna-
tude and direction of the vehiele veloecaty vector



The magnitude of the angle~of-gbtack introduced during the farst
stage flight 1s the only free variable of the first stage and i1s con-
trolled by a maximization routine

Vacuum Caleulus of Varaations Computations

The vacuum calculus of variations sectron of the program i1s a two
degree~of~freedom trajectory samulation which assumes flight in vacuo
over a non-rotating celestial sphere  The equations of motion for this
section are identical to those for the preset angle-of-attack section
warth the lift and drag terms omitted The Euler-lagrange eguations re=
sitlting from the veriaticonal cgleulus theory, are wratten an such a man-
ner as to produce the optaimum instantanecus steering angle throughout
the tragectory This section of the program i1s employed at the beginning
of second stage burning at which time the vehicle has acquared sufficient
altitude that the effects of atmospheric drag and lift can be considered
negligible

-

After ignition of the second stage engines a preselected amount of
burn time is allotied for the required stabilization of the vehicle At
the end of this time, the launch escape system i1s gettisoned., The re-
sultaing weight loss causes a discontinuaty in the state variable The
Lagrange multipliers are held constant across this discontinmty to ine-
sure an optimum trajectory  Thas can be done since the problem 1s cne
of minimum time  There are no other discontinuities an this section of
the program

The Fuler-Lagrange equations are concerned with three variables
The farst of these equations results in the free variable hl whach
can be used to control the range  When hl 1s set equal to zero, this
section of the program will compute the range that wall allow the maxi-
mm payload to be placed in the desired orbat,

The remaining two variables are the angle-~of=attack, %y and the

time rate of change of angle-of-attack, &O, at second stage agnation

The Buler-Lagrange egquations are manipulated so these two variables may
be satisfied by either a maximization or an 1solation scheme. In this

program, o and %y BTe controlied by an isolation routine and no c¢on-

trol is exercised over the variable hl

The calculus of wvariations trajectory computations are terminated
when the cut-off equation is satisired

The integration throuvghout the program i1s performed by the SHARE
subroutine RW.INT



Tsolation Routine

The 1solation routine uses the variables Gps Cgs and the altitude

and flight path angle at the time of satisfaction of the cut~off equation
to 1nsure injection into the desired orbit  For example, 1f the desired
orbat 1s a 100-nautical mile circulsr orbift, the cut-off eguation will be
satisfied at local circular velocity  The inaitial tame rate of change

of angle-of-attack will be varzed until the desired flaight path angle

(90 deg) 1s reached, and the initial angle-~of-attack will be varied un-
t11 the desired altitude {100 nautical miles) is obtained

This routine 1s designed to isolate on the desired end conditions
in a minimum number of trajectories  However, in cases where the inl-
t1al conditions are unfavorable, the routine will use as many as five
poants in order to insure an isolation In all cases, the equations of
isolation are the same with the following exceptions  for the isolataicn
of flight path angle, the eguations of isolation over %, use all tra-

jJectories, for the 1solation of altitude, the equations of isolation over
%y USE only those trajectories in which the desired pgth angle 1s al-

ready obtained

An anataal guess for %y and %y and the magnatude of their step
sizes must be fed anto the computer as anput  These guesses must not
be eqgual to zero

The farst trajectory i1s computed using the input values for the
initial «. and G A second trajectory is then computed, using for

1ts 1n1t1ag conditions the input %y and the input %0 summed to the
step to be taken on %y That 1s, Ty 1S the same for both trajecto-
ries, while %y 1S changed by a small amount for the second trajectory
The direction of the step taken on %y 1s fixed by the program so that
the resulting path angle changes in the darection of the desired path
angle

After the first two trajectories are run, the two-point inter-
polatlon/extrapolatlon equation

- %y
a3=a'2+(DES"2)( "91) (1)

1s used to arrive at the desired Oy used to compute the third trajec-

tory  The ao‘s from these three trajectories are then used to construct



a conic type curve which closely duplicates the actual plot of Ty Ver=

sus the cut-off path angle An accurate three-point fit 1s obtained
using the conic equation

P *VBQ - b4 (Copgs - 1) (2)
TN
where
(2] [ o 6 T
Bl = |ay @, 6, 1 (3)
° @ a % ]

Equations (2) and (3) are used to determine the %, for the next

trajectory  This type of conic it works equally as well with four oc
five points For example, for four and five points, eguation (2) becomes

- BB +"\/BB® - hace

o = T (&)
where
A = A (5)
BB = Boppe + D (6)
2
0C = 06 ppg + Boppg = 1 (7)



For four points, equation (3) becomes

iA- ~&12 o, 8, 612 &1 1T _l-
® oy, 9 .
¢ G s e ag t
_D_ mue o, 8y, 942 oy, 1 (8)
For five points this equation becomes
—Af ] a12 alel 612 %y eiﬁ - _lf
B a22 a292 822 o, 92 1
R T *
D aﬁ2 %),8), Gh? o)y 8y 1
5| cr.52 a6 652 a5 65| 1 (9)

The conic curve fit can use no more than five points; therefore, 1f
more than five trajectories are required to cobtain the desired value of
«, the last five computed points are retained

When the path angle obtained is within tolerance of the desired path
angle, the trajectory is said to be converged on path angle

After the routine is converged on path angle, the altitude obtained
from the converged trajectory is checked against the desired altitude
A trajectory is then calculated using the % from the converged path

angle an conjunction with the input Gy summed to the step to be taken

on o, The direction of the step taken on @y 18 faxed by the program



s0 that the resultaing altitude of the second converged-on path angle
trajectory changes in the direction of the desired altitude

The method of i1solating on all subseguent converged=-on path angle
trajectories and converged-on altitude trajectories i1s the same with the

exception that the first %y and %, are computed using the knowledge

gained 1n converging the previous trajectories  Also, the step sigzes
and the direction of the steps on these variables are computed as a func-
tion of the variztions in earlier trajectories

The xnformation computed from the converged-on altitude trajectory
12 fed into the maxamization routaine and the isolation routine i1s re-
nitialized

Maxamization Routine

The meximization roubtine optimizes the complete {rajectory using the
preset angle-of-attack of the first stage trajectory and tThe cut-off weight
of the 1solated second stage trajectory  As used here, an optimum tra-
gectory is that trajectory which will allow the maximum payload to he
placed into the desired orbat

The first i1solated second stage tragectory is computed from the end
point of the Tirst stage trajectory Thas first stage trajectory is com-
puted using the anput preset angle-of-attack estimate for the fairst stage
flaght A second Tirst stage trajectory is then computed using the input
angle-of ~attack step added to the preset angle-of-attack estimate The
preset angle-of'-attack step for the third isclated trajectory 1s taken in
the direction that will result i1n an increase in cut-off weaght in orbit
Due to the nature of a plot of preset angle-of-attack as a function of
cutoff weight ain orbit, an extrapolation to the maximum cut-~off weight 1is
extremely dangerous in that 1t can result in trajectories that cannot be
advantageously used by the maximization routine  Therefore, additional
trajectorres are computed using a faixed step in the preset angle-of-attack
until the maximum cut-off weight an orbit has been enclosed

-

A knowledge of the range of preset angles-of -attack that can be used
by the vehicle will result i1n a shorter computer running time  However,
knowledge of thas range is not absolutely necessary if small values are
input for the preset angle-of-attack and the preset angle-of-attack step

After the maxamum has been enclosed, 1t 1s seen that a conic egua-
tion closely simulates the plot of preset angle-of-attack as a function
of cut~off weaght in orbat The conic equation used in this routine is

-BW_ + D

o ——B
@ = 5K (10)
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where

and for a three-point fit,

For a four-poant fit,

b

c

-b % \/be - lac

24
¢ - B2 ha
E - BD/2A
- TP/ha - 1
. |
ql W )
QE w »
W
e 3
2
oW W
1 cl cl
.2
oW W
2 c2 c2
2
a W W
Ses ¢
i, W 2
b i

-1

%

(12)
(13)

(1%)

(15)

(16)
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For a 1ive-point fait,

— — - =1 -
2 2
A ml mlWEl Wél al Wél 1
2 2
B a, o W W Q. W 1
2 2 02 c2 2 02
2 2
¢ = GB m5Wé3 Wc5 GB Wc3 1
2 2
2 P
E o W W a. W 1 (17)
» |5 e Tes B ey .

Equation (10} 1s used to compube the preset angle-of-attack that will
result 1n the maximum cut-off weight in orbat. If more thaen faive preset
angle~of-attack tragectories must be computed in order to insure an opti-
num trajectory, the maximization routine will retain and use only the five
points most likely to produce the maximum

The cut-off weight in orbit 25 checked against the maximum cut-off
weilght computed by the maxaimization routine  When these weights are waith-
in tolerance, the program i1s said to be 1n a converged state The pro-
gram will then print a histoxry of the optamum trajectory variables and
check to see if addationel trajectories are to be computed

Cut-off Equation

The conditions which termanate a trajectory calculation program are
gmong the laimiting factors of the program Hence, the cut-off condation
should be as versatile as possible Since the computed velocity for a
conic sectaon is the most adeptable to the computation of a local (as a
fuaction of altitude) velocaity requirement, the conic velocity will be
employed as a cut-off condition

The equation for the velocity reguarement of all conic sections ex-
cept the hyperbola can be expressed as

v -er2(5-2) (18)
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The velocity requirement Tor a hyperbola is

V2=g32(§+5) (19)

o o \R 8

One of the most common requivements i1s that the vehicle pass through
some point in space an a given direction If the point in space 15 point
2(32’ 92) and the instantaneous position of the vehicle 1s poant 1

(B'l! el):

2
g R 2(32 - Rl) RE san” @

R 2 2 2
1 R o san 62 - R 1

2

2
sin” g,

(20)

When the required point i1n space i1s the apogee of an ellipse, then
32 becomes the radius of the apogee of the ellipse, the flight path angle

becomes 90°, and the velocity requirement becomes

2
2. &R, .2(R2 - R,) Rg-_
"\ R 2 2 2

1 R 5~ R 1 sin el

(21)

The most widely used velocaity cut-off requirements are local circular
and local parabolic escape velocaity  To compubte the local circular ve-
locity requirement, the guantity an the brackets in equation (21) must
equal one, and to compute the local parabolic escape velocity requirement
the gquantity in the orackets must equal two

Bquation (21) can be written in the following form such that the cal-
culus of variations section of the program can be terminated on time or

velocity
R
(22 + 1) Zy (1 7y 32)
GUTOFF = Z, = Z ; t 2 ¥ Zg (22)
Rj1+ Zh —5| sm 6
R
L 2 -
where Zl, ZE’ Z6, and R2 are anput constants
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In order to termainate the trajectory on some preselected time, the
following values are anput, and the trajectory time 1s compared to
CUTOFE

7, = 0 Z. = 0 Z_ =0
1 3 >
.'Z.2 = 0 Zh = 0 Z6 = desired cubtoff time
32 = 1 (23)

For velocaty terminataion of the trajectory, the following values
are input, and the vehicle velocity is compared to CUTOFF

For local caircular

2 -
Zl = 1 Z3 = gORO 25 =0 R2 = 1
For parabolic escape
7. =1 7, =g R 7. =0 R, = 1
1 3 o0 5 2
Zy =1 Z, =0 Zg = 0 (23)
For hyperbolic escape
2
7, =1 %5 = 8,8, Zy = Ve Bp =l
Zy =1 Z, =0 Zg = 0 (26)
For ellaptic
2
Zl = 1 Z5 = gORO 25 = 0 R2 = R2
Z, = O Z), =1 Zg = 0 (e7)



1k

For constant velocity

Zl=O Z3=O Z5=0 R2=l

Desired velocity {28)

it

Z2 = 0 Zh =0 Z6

Areas for Fubure Revision

The program in 1its present form 1s quite limited and a number of
mprovements and expansions are possible  These inelude

1 An ancrease in the number of stages that can be calculated using
the caleculus of variations theory

2 A provisaon for weight loss table and sea level thrust table to
be input as a function of tame

3 Addrtaion of the abalaty to simulate thrust decay

4 Mpdafication of the 1solation and maximization routine such that
for escape trajectories one varrahle will be used for isolation and two
variables will be used for maximization

5 Addation of the ability to optimize the propellant loading of
each stage to determine the optimum tank size on predesign stages

6 Revision of the calculus of variations equations so that the
atmospheric effects may be teken into account



15

APPENDIX A

PRESET ANGLE-OF-ATTACK EQUATTONS
OF MOTICN AND AUXILTARY EQUATTIONS

The atmospheric preset angle~of-attack equations of motion are

R
X = ,ﬁ_g V san 8 (41)
R =7V cos 8 (a2)
F D
V_mcoscx.—m-gcose (43)
6=F—s:1.nc:r,-i-£——i--‘%---E 511:1@, (ak)
mnv mv v R
- K
m = ST (A5)
sp Soe
where
F =Py +4e (P - P) (i)
2
Ro

= — AT

g =g, (R) (a7)

D = Aq (CD cos o + o Gy sin a) (A8)

L = Ag (-CD sin o + a C, cos o) (AQ)
M o= e (210)

Soe
also

mach = X— (A11)

w



1
q=§ pVe

X =

1=1}

+8 + 0

Altitude and range angle are given by

H=R ~Ro
and
X
@ = Ro
respectively

(a12)

(A13)

(A14)

(A15)

A vector diagram of the summation of the forces and the coordinate

system 1s gaven in figure 1 on page 17

The preset angle-of-attack program is given by

@ = o
Tt -t
@ =@, T (ah - o) ?T_——%_
2" "1
o= o
m
( T - th
a=q ~={ag =a)
m m o] tB-tlL
@ =

< =
to t tl

tl =t = t2
t,=t=t%

t, £t = th

=
th =t 17

m ——————————
|
. /
GO < : |
| : 1
1 i 1
tO tl t2 t

AN
ok
=

(A16)

(817)

(418)

(419)

(a20)



Figure Al.~ Vecltor and coordinate system diagram.

17
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Pressure, density and the velocity of sound are table look-up values

as a function of altaitude The drag and lift coefficients are table look-
up valves as a funetion of Mach number,

At Tirst stage cut-off, the rotation of the planet 1s taken into
account by means of the equations

V._ = Vv o+ 20R V cos @' sin 6 sin A, + o°R 2 cos® B! (a21)
SF o Z o

and

eSF = Arc cos (Vv_ cos 9) (a22)
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APPENDIX B

CALCULUS OF VARIATTONS EQUATIONS OF MOTION,
EULER~LAGRANGE EQUATIONS, AWD AUXTLIARY EQUATTIONS

The equations of motion for the vacuum calculus of variations are
given below  The coordinate system and forces are the same as those in
figure 1 with the exception that in the calculus of variations there are
no aerodynamic Torces acting on the vehicle

X = % V s1in 8 (B1)
R =V cos @ (B2}
ED
V== cosa-gcos @ (B3)
e=-F-l~s1ncn+(5—--Y sin 8 (B4)
mv v R
- F
n =i (25)
g
sp “oe
where
V = Vo (86)
6 = 8gp (BT)
RO> 2
g = e, \5 (88)
and
W
m = —— (B9)
€5
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The Fuler-lagrange eguations resuli in

A =0 (310)
- 2A_g A
J\2= R3 cose+R—-h(%g---RY)51ne (B11)
A
)\.3=—}L2 cose-!--v—ll. [—%8111&.-&-(%4-%) sin 9} (B12)
hi}=12V51ne-15g51ne-l4(%-%)cose (B13)
« A
J\.s = F—2 (13 cos o + _‘_r_lt s1n cc.) (B1h)
m
and
Py
o;-}\3 S1n & ~ == cos o (BL5)
A
@ = arc tan 3 (B16)
5

Differentiating equation (BlS) and substatubting equation (B-12) and
(B-13) for }13 and i) leads to

123 cos o
13 = (B18)
and
A = REB sin a (B19)
where
B - V231n(m+e) (B20)
Va+ g sin 8 +£s1na,--é—51na.cos (¢ + 8)
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and

B
b2 = 187 (221)

Tt can be shown from equation (Bil) that

h5 =0 when F=0

Substituting equations (B1l8) and (B19) into eauation (B14) and
solving the inequality resulits 1n equation (B2l)

By solvang equations (B18) through (B21) at the time of inaitiali-
zation of the calculus of variations the Iagrange multipliers are ex-
pressed as a function of the state variables and the control variables
Oy and mo
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APPENDIX C
INPUT LOCATIONS AND FRINT SCHEDULE

The subroutine used by this progrem to input anformation anto the
machine as RW-FINP The FINP input subroutine uses D, W, J, F, and § 1n
a unique order and are defined here instead of in the list of symbols

i =D i1s the introduection of the table being entered into the
machine where 1 1s the number of the table in the calling seguence
J1 = the introduction of each entry in the table, where 1 1s the loca-
tion number in the table F signals the end of each table and § sig-
nzls the end of each calling seguence

COMMENT CARD
N1 = D, (Altitude Table) F

N2 = D, (Density Table) F Atmosphere locations,

> 250 locations per table
N3 = D, (Pressure Table) F

M = D, (1 /Velocaty of Sound Table) F§ |
N1 = D, (mach Table) F

N2 = D, (C, Table) F

D

N3 = D, (cL Table) F$

N1 =D Y This block of input may
be omitted Burlt in
Jh = X, Initial Range values are-
:0 V=O
o 0

J5 = R = RO + ho’ Imataal Radius to Vehicle & X
20898906 o =0

J6 = Vb, Inatial Veloeabty Ro =
J, = §_F, Initaal Flight Path Angle Input values may be used
7 o
(from Vertical) to override these and

other built in values
_J  (below)




2 =D
Je2 = am(I), Step size for lst stage
J3 = KATP = 1B or 2B

integration mode for lst stage

Jh = Aﬁ(II), in1t1al step size for
2nd stage

J5

1}

KAIC = O, 1B, or 2B integration
mode for 2nd stage

/

25

Thais anput mzy be omatted
Built 1n values are:

A‘t(I) =1
XATP = 2B
Am(II) -5
KATC = 0O

(1ntegration modes ares O - Variable step Adams-Moulton

1l - Fixed step Runge=Kutta

2 - Fixed step Adams-Moulton)

J6 = A2 Integration Parameters; see writeup on RW~INT
No input necessary; built in values are

JLl = AT

J13 = 2o Eﬁg%gz conversaion Ffactor
Jik - g, Surface gravity of body
J15 = RO Radaus of body

J16 < P, Sea level pressure

J17 = @ Mgular velocaity of body
Ji8 = & Latytude

J19 = Ag Azimuth

T

A2 = 10‘6, A3 = ALk = A5 = A6 = AT =0

Ho input necessary,
bualt in values are
Boe = 22 1849

gy = 32 1849

R, = 20898906

P, = olok 21k

w = 7292115 X 10“lL
&' = 28 28°

O
A, = 90



J2l

J22

J23

For

Jokh

J25

J28
J29
330
J31

J32

J35

J3h

J35

JI%8

Prantout Controls:; 1 prints every tra- ")
Jectory according to J22; O prints
only last teajectory

1}

= nB to print every nth integration &Nb input necessary, built
step when J21 = 1 in values ace
= nB to print every nth integration Jal = 0
step of final trajectory J2z = 0
J  J25 =58
both J22 and J23 a O causes only lst and last points to be prainted
= #nB vwhere + or -~ causes max¥imization or minwmizaltion respectively
of velocity 2 n = 1 or weight 2f n = 2
= Factor by which J80 1s multiplied, Built 1n wvalue
wvhen a succesgful step is taken, to
modrfy step size J25 = 1

= tc(I), cut-off time on lst stage

(1)

)
=

anitial weight on lst stage

o J

= Wb(I), initial flow rate of 1lst stage
1

= FO( ), initial sea level thrust of 1st stage
= AE (I): initial exhaust area of lst stage

o]
= AC (I), cross sectional srea for lst stage

5
= to’ initial time, built in equal to O
=tl

Ramp function times for
t t1lt program¥

Rt

iAny time not input "all cause the rest of that particular block to

he 1gnored



J39
Jho
Fh3
Jht
Jut
J50

J51

J57

J58
Jéh

J6é

JET
J68

-

JEG

JTO

JTl

J,?2
J75
JTh

J75

W,

7

e D e e e

Times during the lst stage when changes in thrust and
exhaust area may be specifaed¥

New values for sea level thrust to be brought in at
tames specified in J39 - JU2 respectively

New values for exhaust area to be brought in at
times specified in J39 - J42 respectavely

Tames during the lst stage when changes i1n flow
rate may be specified *

New values for flow vate to be brought in at times
specified 1n J51 - J5T respectaively

nB, 2nd stage cut-off contrel; n = 1 cuts off on velocity,
n = 2 cuts off on time = J6T

t
c

TOL,
Zi =
22 =
z5
7zl

5
z6

b}

Fo

(II)

, cut-off time of 2nd stage if J66 = 2B
cubw~off tolerance
Oor 1 )

OQor 1

2

gobRo For velocaity cut-off

Oor 1
OQor i

Cor l

1 or apogee radaus )

“Any time not input will cause the rest of that particular block
to be agnored

25



CUT-OFF EQUATION

Vo = B [(1 + Zo)r ZE% (1 + zh R/Re)/(l + Zh# 32/322* s1n® g) *R
1
+ z%] 2 4 76
J76 = @, initial lst stage j O 1f no% 1nput\
JT7 = o, maximum o lst stage t11t program
max > Tndependent variables of
search, iniftial guesses
J78 = % s inaitial o of 2nd stage (#0) must be made
JT9 = mb, initial o of 2nd stage
J
J80 = Ag, )
max
J81 = Aa > Inatial step size or increment for variables to be used
Q in search procedure
J82 = Amb y

Jéh = Wb(II), initial weight of 2nd stage
J85 = Isp(II), specific ampulse of 2nd stage
J86 = FO(II), thrust of 2nd stage

J130 = 8 desired final flight path angle (from vertical)

DES’
J13Ll = hDES’ desired fanal altitude
J132 = TOL1l, tolerance cn Opmy

J155

1]

TOI2, tolerance of hDES

"

Jizh

TOI3, tolerance on variable to be maximized
(velocity or weight) Fj



Prant schedule for the preset angle-of-attack computations

p9:0.¢
RER
VEL
THETA

RHO

Q

XDoT
RDOT
VDOT
THDOT
FRES

AEX

TIME

ALT

THRUST

GRAV

VS

MACH

ATPHA

WLBS

MASS

PHT

DRAG

Ch

ALDOT
WDOT
MDOT
CHI
LIFT

CL

Prant schedule for the calculus of variations computations

XXX

RRR

VEL

THETA

Isp

XDOT
RDOT
VDOT

THDOT

DIAMP

TIME
ALT
THRUST
GRAV
LAMBS

DLAMS

ATPHA
WLBS
MASS

PHI

DLAM

ATDOT
WDOT
MDOT
CHL
LAMBS

DLAMD
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APPENDIX D

FORTRAN FPROGRAM



SIBFT
CMAIN

100

463

C MAIN

CONTROL PROGRAM INCLUDING INPUT AND SEARCH PROCEDURE

DIMENSION TOP(12)s C1(150)s T1{150)

DIMENSION T(150),C(150)ALTA(250)sRHOTA(Z250)sPRETALZ50}.FVSTALZ250)
1,FMTA{30)sCDTA(30) sCLTA(30)

DIMENSICON C2(15Q),T2(150)

COMMON T y C
COMMON ALTASRHOTA,PRETASFVSTA,FMTA,CDTASCLTA
COMMON C1 s T1

COMMON TEST1.TESTZ2

COMMON C2,T2

EQUIVALENCE (TIMEsT{2))s (STEPsT{3)}a({XsT{A))s(RsTIB})s(VsT{6E)})>
1 (TATERS>TIT) )2 {SAMsT(8) )5 (ALAM2,T(9) )9 (ALAM3,T(10)}s (ALAMG,TIL11}),
2 {ALAMB,T(12) ) (XDOT»T(13)) s (RDOT»T(14}))s{VDOT,T{15) ) {TATDOT>
3 TLLE)) s {SAMDOTT(17) s {DLAM2,T(281),(DLAM3,T{19}))s{DLAMAST(20)1},
4 (DLAMB,T(21))

EQUIVALENCE (NsCl111s{(STEPP-C{21)s (KALPCUt3) )y (STEPCC{4) s KALC,C
1051 {A2+C{E s LABSCU{TI s (ALsCLBY)»1ASCIT) sl ABCI10N s {ATSCIL1L))
2
3,(G0+C{13))s(GRAVOsCI14) 15 (ROsC115))s(PRESOsC{16) )2 tOMEGASCTL1T) s
4PHIPRSC{18)1,{AZ,C119))

5

63 {SAVPAP»C{21)) s (IPRNT»C(22}) s (NPR»C{23)31s(I0PTsC(24))(STP»C(25)1}
T

Be {TIMPC,C(28)1s{W0sC(29) )3 {WDO-C(30})+iFOsCI31))s(AED-C(32))s(AREA
GsC(33)1)5(TIMOsC(341))

EQUIVALENCE (TIMI,C(35))+(TIM2sC(36))s(TIM3sC{3T)I)a(TIMGsC(3B))s(T
TIMF1sC(39) ) s (TIMF2+Cl40Y s {TIMF3sC (413} s (TIMF49Cl42))s{F1,C1431))s1
2F25C(44) )3 (F3sC(451)s {F4sCl46) )+ (AELsCI4T) )+ (AE2-C148) )19 (AE3:C {49
31 s (AELSCI50) ) s ITIMWISC{B1) ) » {TIMW2,C(52) ) s (TIMW3,C(53) )2 (TIMWE,C(5
G435 (TIMUSSCUB5) ), (TIMWGsC(S56) ) s (TIMWTSCI5T) )3 {WUDLsC(58))s(WD25C(5
59)) s {WD3,C{60))s(WD4,C{61)) s {WD52C(62))+(WDESC(E3) ) (DT, C(64))

&

TrlICUTsCIE6) ) dTIMCC,CIHT) )2 (TOLSC{68) 2 (Z15C(69))2(22+C(TOIYV2 (L3
BCAT1))s(Z245CUT2))2(25sCL{T3) s (Z26sCHTL)I IS IRZ25CLTB)}

9

EQUIVALENCE (ALPHAP ,C{T76) ) s (ALFMAXSCUT7) ) s (ALPHAC,CULTB) ) »(DALFSC(7

19)} s (DLAMX2C{80) )+ (DELALFsC{81))}s{DELADT»C(82})

2

3r(WCC(84) ) (SIPsC(B511(FCHC(BEN)

['_ -

EQUIVALENCE {ALPHASCI901) s (SAsCI{21))s(CA>CIP21)s(STH>CI931)5(CTsC(T
1411 s {SALT»C{95) ) s (CALTCUO6) )+ (GRAVsCIIT) )5 (ALT»C(98) ) »{DRAGC(99)
2)s(FV5sCI100) ) s {FMACHC{101})5(VSsC{102))s(CDsC{103))5{QD+C{104) 1)
3(RHO»C{1051) ) {(PRESsC(106))»(AE»C{10T) )} (PDIFF,C(108)})s{FRACsC(109}
412 {vGT2C{110}) s (ADOT>CU111) ) (FsC{122))s(AsCIL13))s{PHLISC(L1G))s(C
SHI»CU1151 ) s {ISAVELC(116) ) {ISAVEZsC(117)}(JJdsCI118))»{IMODESC(1]
691319 (UsCU120) 15 (KALSCIL1Z2L) ) (CLyC{122)) s (ALIFT»C{123))

7
By {TATDSsC{130)) s (ALTD»CI131) )2 (TOLLsC{132)}s{TOL25C(133))s{TOL3sC(1
934}

READ (5,100)T0P

WRITE (6+100)TOP

FORMAT (12A6)

DO 463 [=1,150

ClI1=0.

CALL FINP {4, ALTA,s RHOTAs PRETAs FVSTA)}

CALL FINP [3+FMTAsCDTALCLTA}

KA1P=2

KALC=0

29



30

76

77
78

11

STEPP=1,

STEPC=5.

A2=1.E~6

TIMO=0.

ALPHAP=0.,
GO=32.1849
GRAV(=32.1849
RO=208%98906 .
PRES0=2124.214
OMEGA=.7292115E-4%4
PHIPR=28.28
AZ=90.
R=20898906.

X=0a

V=0,

TATER=0.
SAVPAP=0.

IPRNT=0

NPR=5

5TP=1.

CASEZ2=0.

CALL FINP (24+7,C)
N=9

COUNT=0.
2=57295775
ALFMAX=ALFMAX/Z
ALPHAC=ALPHAC/Z
DALF=DALF/Z

00 2 I=1,150
CleI¥=Ct Iy
TI(I)=T{1)
TEST1=0.0
TESTZ=0.0
TEST3=0.0
TEST4=0.

JGol=1

JG02=2

JGO3=3

FAKTOL=0,
FAKTST=0.

CASE=0.

IF (IOPT) 7647677
FMNMX=—1.

GO TO 78
FMNMX=) o
JOPT=IABS{IOPT)
DADSAV=DELADT/Z
DALSAV=DELALF/Z
CONT INUE
AZ=AZ/2
PHIPR=PHIPR/Z
ALPHAP=ALPHAP/Z
TATER=TATER/Z
TATD=TATD/Z
TOL1=TOL1/Z
DELALF=DELALF/Z
DELADT=DELADLT/Z
DLAMX=DLAMX/Z
CONT INUE

CALL FCALC


http:PHIPR:28.28

40
41
105

16
20
17
19
80
84
T2
i8
82
21
11

75

104 FORMAT (60H025 TRAJECTORIES WITHOUT 15T ORDER CONVERGENCE.

300

24
26

12
81

85
73
28
83

27

IF (TEST4140+16940
PO 41 I=1,150
C{I1=Cl(1)
T{I)=TL{1)

WRITE (6s105)
FORMAT {1H1}
CASEZ=1.,
ALFMAX=ALFMAX*®Z
ALPHAC=ALPHAC*Z
DALF=DALF*Z

GO TO 1

CONTINUE

IF (TEST1) 20420521
ALD1=C2(79}
TAT1=TATER

IF (TESTZ2) 1741718
IF {TEST3) 18319+18
CONTINUE

IF {CASE2) 80280418
CONTINUE

IF {TATER-TATD) B43s84+72
DELADT=ABS{DELADT}
GO TO 71
DELADT=-ABS{DELADT}
GO TO 71

DELADT=(TATD-TATER)I®*ADINC/TATINC

IF (DELADT) 71+82,71
DELADT=DADSAY

GO TO 80
ADINC=C2{79}1-ALD1
TATINC=TATER-TATL
CONTINUE

COUNT=COUNT+14

IF {COUNT=-25+) 300s300+75
WRITE (6+104)

1GAIN.)
GO TO 40

CALL ISO (TATERsCZ2(79),TATDLDELADT»TOL1,TEST14+JGO1}

IF (TESTI) 3,24,3

IF ITEST2) 26+26s27
ALF1=C2(78)

ALT1=ALT

DAL1=C2(79}

IF {TES5T3) 28s12»28
IF (CASE2) B1:81,.28
CONTINUE

IF (ALT-ALTD) 73,+85,85
DELALF=ABS{DELALF)
GO TO 74
DELALF=—ABS(DELALF}
GO TO 74
DELALF={ALTD=ALT}*ALINC/ALTINC
IF (DELALF) T74,83,74
DELALF=DALSAYV

GO TO 81
ALINC=C2{78)-ALF1
ALTINC=ALT-ALTI
DALINC=C21791-DAL1
ALFINC=C2({7B}-ALF1

GUESS A
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32

14

102

14
29

30

95

&7

68
69

13
101

21
25
22

92

103

23

CONT INUE

WRITE (65102)

FORMAT (22HOCONVERGED FIRST ORDER}

COUNT=0+

ASAV=C2(78)}

CALL ISO {ALTsC2(78)sALTDIDELALFSTOL2sTEST2+JG02)
IF (TEST2) 14+95,14

CONTINUE

IF {TEST3) 3022930

FAKDEL=0.

GO TO &

CONTINUE

FAKDEL=(C2(78)~ASAV)¥DALINC/ALFINC

CONTINUE

CALL 1SO (ALTsC2(79)sALTDsFAKDEL +FAKTOL,FAKTST »JG0O3)
GO TO 3

CB177=C177

Cl77=C1{77}

CB278=C278

C278=C2(78)

CB279=C279

C279=C2(79}

GO TO {67168),J0PT

FNC=V

GQ TO 69

FNC=WGT

CONTINUE

CALL FMXMN (FNCsCl{77)s FMNMXsDLAMX s STPsTOL3sTEST3J0601 )
WRITE (6,101}

FORMAT (23HOCONVERGED SECOND ORDER)

FAKTST=0.

DO &6 1s1s150

CL1y=C1{1

TL{1)=Tl{l)

IF {(TEST3) 2559225

IF (CASE) 22423422
Cil(78)=C2(T78)+(CI{TT)-CIT7T}*({C278~-CB278}/{C1T7~CB1TT)
Clt78)y=C1(78)
CL(T7R)=C2{TO)+ICI(TTI=CLTTI*(C279~CB279)/(C177~CB177)
CI7921=CLIT9)

GO TO 11

CONTENUE

WRITE (6,103)

FORMAT (16HOCONVERGED STATE/Z25HOX#¥EEXAXXEXREHERELIFR¥KH/LIH] )
SAVPAP=1,

IPRNT=NPR

TEST4=1.

ADINC=C2{79)—-ALD1

TATINC=TATD/Z-TAT1

ALINC=CZ2(78)=ALF1

ALTINC=ALTD-ALTI]

CASE=1.

C{793=C2(79}

C{781=C2(78)}

Cl(79)=C2179]

Ci{78)=C2(78)

GO 7O 11

END




SIBFTC FCALC
CFCALC SUBROUTINE TO RUN TRAJECTORIES

SUBROUTINE FCALC

DIMENSION T{150),C{150),ALTA(250)sRHOTA(250)sPRETAL250)sFVSTA(250)
1sFMTAL30) sCDTA({30) sCLTA( 30}

DIMENSION T1(150),C1{150)

DIMENSION C2(150),72(150}

COMMON T y C
COMMON ALTA,RHOTA,PRETAsFVSTAsFMTASCDTASCLTA
COMMON C1,T1,TEST1.TEST25C2,T2
EQUIVALENCE (TIME»T(2)15{STEPsT(3) ) siXsT{&))s{R>TI5)1}s(VsTlo))s
1 (TATERsT(7))s(SAMsT(8))» (ALAM2,T(G) ) s {ALAM3,T(10) ), (ALAME,T(11)),
2 (ALAM5,T(12))»(XDOTsTH13)) s (RDOTsT(14))s (VDOTsT(15) 35 (TATDOT»

3 T(16)) s (SAMDOTsT{17) ), (DLAM2,T (181}, (DLAM3,T(19))s(DLAM4,T(20}),
4 (DLAM5,T(21))

EQUIVALENCE {NsC{1))»(STEPP,C{2)), (KAIP,C(3))s{STEPCsC{4}}s(KALCSC
105)) s (A25CL6))»LABsCITII v (AL>CI8))»{A5sCI9))s{A65CLL0Y }»(AT»CLL1))
2
35(605C13) )5 {GRAVOSC{14))s(RO>C(15))s (PRESO,C(16) 15 {OMEGA,CI{17) )¢
4PHIPR,C{181})s(AZ>C(19})

5

62 (SAVPAP,CL21}) s LIPRNTCU221) 5 (NPRsC(23) ), (10PT+C(24)) 3{STP,C(25))
7

85 (TIMPC,C(28) ) s (WO-C(29)) 5 (WDOSC(30)1+{F0,C(31} ), (AE0sCE32) ), {AREA
9,C(33))5(TIMO>C{34)}

EQUIVALENCE (TIMI,C(35))>{TIM2sC(363),{TIM3,Ct37))s{TIMG,CI38))s(T
LTIMEL2CU39) ) (TIMF25CT40) ) st TIMF3,CI41) ) s (TIMF&,CI42) )5 (F1,C(431),¢
2F2,C1446)) s {F35CL45) )1 (F&sC{46) )y (AEL>C(4T))2(AE25CLAB) )y {AE34C(49)
3} (AE4,CI50) s (TIMWLaCt51)) s (TIMW2,C (52132 (TIMW35C(53) )15 {TIMWGC(5
46115 (TIMWSsC(551) 5 (TIMWGsCI561 ) s (TIMWTC{57) )5 (WD1IsC{38)1},(WD2sC(5
59) )5 (WD35C(60) )2 (WDASC{EL)) s (WD5,C(62)) 5 (WDE,C{03))}s (WDT2CI(64))

6

75 (ICUTSCl66)) s {TIMCCsCI6TI)»(TOLSCIE8))5{215C169))2(Z2,C{T0))s1Z3,
BCITL) )5 (Z4+CUT2)Y5(255CIT3)1s(Z62C1T4))+(R2,CLT5})

9

EQUIVALENCE (ALPHAPC(76))s {ALFMAX>C(T7731s (ALPHAC,C(78) ), (DALFsCI(7
19) )2 (DLAMX»C{80)) s {DELALF2C{811)»(DELADT,C (821}

2
35 (WCsC(84) )5 (SIP,CI85) )5 (FC,C{86))
4

EQUIVALENCE (ALPHA>C(90)) s(SAsC{91))s{CAsC(923)+(ST»Cl93))5(CT»C(9
14} )3 (SALT+C{95) )5 (CALTsC(96)) s (GRAVSC(971) s (ALT+C(98)1 s {DRAGSC(99)
2) 3 (FVS,Cl100) ), (FMACH, CL101))5(VSsC(102)3s(CDsC{103))(QDsC(104))
3(RHOsC(1051) s (PRESsC{106)1s{AE,CI107))s(PDIFFyC(108) )} (FRACSC{109)
£)s (WGT4CI110))s (WDOTsC(L11))s(F,C(112))s{AsCt113))s(PHISsC{L14))s(C
BHISC(115) ) st ISAVELSC{11611s (ISAVE2,C(217))s(JJIsCl118)) s{IMODESC(11
69)) s {UsCL120) 15 (KAL,C(121))s{CL,C1122))s{ALIFT,C(123))

2
85 (TATDsC{130))s (ALTDsC(131) ) s (TOLL>C(232))s({TOL25C{133))5(TOL3sC(1
934))
IF (TESTL)} 44546
5 IF {TEST2) &48+4
8 CONTINUE

ITEST2=1

STEP=STEPP

KA1=KA1P

WGT=WO

SAM=WGT/GO

TIME=TIMO



34

14

11

12
15

WOOT==-WDO

AE=AEQ

ALAMZ=0.0

ALAM3=0.0

ALAM4=0.0

ALAM5=0.0

DLAM2=0.0

DLAM3=0.0

DLAM4=0.0

DLAM5=0.40

IF (SAVPAPY 75796

WRITE {6+100)

FORMAT (47HOGIVEN ANUD PRECOMPUTED VALUES FOR LIFTOFF PHASE)
IMODE=]

CALL PRESET

DO 13 I=1,150

C2{E)1=C(I}

TZ{0)=T(I)

CONTINUE

DO 14 1=1,150

CiIr=Cati)

TLIX=T21(1)

IMODE=2
VELS=SQRT(V*V+2«0%¥OMEGA*RO*V#COS(PHIPRI*®*SIN(TATERI*SIN[AZ}+
1EGA¥OMEGA*RO*RO¥COS{PHIPRI#*#COS(PHIPR} )
THETAS=ATAN(SQRT{1+0~V*V¥COS(TATER)*COS(TATER )}/ (VELS*VELS5))/
1#COS(TATER)/VELS) )

V=VELS

TATER=THETAS

ALPHA=ALPHAC

STEP=STEPC

KA1=KAl1C

F=FC

WGT=WC

SAM=WGT /GO

TIMO=TIME

SA=SIN(ALPHA)

CA=COS{ALPHA)

ST=SINITATER)

CT=COS(TATER}

SALT=SIN{ALPHA+TATER)

CALT=COS{ALPHA+TATER)

FRAC=RO/R

H=v#y

WDOT=-F/51IP

SAMDOT=WDOT/GO

VDOT=F/SAM ¥ CA —-GRAV *CT

TATDOT=F/ {SAM%XV) ¥SA+ST*GRAV/V-ST#V/R

B= (H®¥SALT )/ {VEDALF+GRAV*ST+SA#F /SAM~SA®H/R#CALT}

IF (B) 119+12s12

ALAMZ==1.0

GO TO 15

ALAMZ=1.0

ALAM3=ALAMZ*¥B%CA/V

ALAMY=ALAMZ2*B%SA

ALAMBE=040

DLAM2==2 ¢ OXALAMB¥GRAV/R*¥CT+ALAM4/R¥5T %2 . 0¥ GRAV /V~ALAMA4 /R¥ST*#V/R
DLAM3=~AL AM2XCT+ALAMA/ VX [ (F*SA}/ (SAM®V ) +{GRAV/V+V/R)%ST)
DLAMG=ALAMZ¥V#ST-ALANBAGRAVEST~ALAMARGRAV/VECT +ALAMG*V /R%CT
DLAMS=F/SAM*% 2% { ALAM3*CA+ALAMG /V%#SA)

OM

(v
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IF (SAVPAP) 10510,9
S WRITE (6,200}
2vy FORMAT (62HOGIVEN AND PRECOMPUTED VALUES FOR CALCULUS OF VARIATION
15 PHASE}
10 CALL CALVAR
WOT=SAM®GO
ALT=R-RO
RETURN
END



SIBFTC PRESE
CPRESET SUBROUTINE FOR PRE SET ALPHA SEGMENT

SUBRQUTINE PRESET

DIMENSION T(150)sC{150)sALTA{250) 3RHOTA(250)+PRETA(250)sFVSTA(250}
LsFMTA{30} »CDTA{30)»CLTA(I30])

DIMENSION C1(1501)sT1(150)

DIMENSION C2(150)sT2(150}

COMMON T y C

COMMON ALTASRHOTASPRETA»FVSTASFMTASCDTASCLTA

COMMON ClsT1sTEST1»TcST29C2»T2

EQUIVALENCE (TIMESTE(Z)) s (STEPsTI3)}) s XsT{G))s(RsT{5))s{(VaT(O} )

1 (TATERST(T7) ) (SAMsTI(8)) s {ALAMZsT(9) ) s [ALAM3ST(10) ) s (ALAMAST(11)} s
2 {ALAMS T {212} ) (XDOT+T (131 )+ (RDOTSTI14))s (VOOTsT{15)})s{TATDOT,

3 TU1E)}) s (SAMDOT sT(17)) s (DLAMZTI18) ) {DLAM3,,T(19))s(DLAMALT(20} ),
& (DLAMS,T{21))

EQUIVALENCE (NsC{Y1))s (STEPPSC{2})s{KALP»C(3) ) s (STEPCsC(4)}»(KALC,C
1{5) Yo lA2sC{0)1)1s (A3 CITY)2lA4-CIBY Y (AS»C{O))s(ALClI0Y )2 tATHC(11))
2
351GUC(13))s{GRAVOC{14))+{RO>C(15)) s (PRESDIC(1E6))s(OMEGASCIL1T) ) sl
4PHIPRSC{18)) st AZsC{19)}

5

62 {SAVPARPSCI(Z21) )2 (IPRNTSCI(22))9{NPR»C{23))1»{I0PT+C(24))3{5TPsC(25))
?
By(TIMPCsC{28))s(W0sCi29))s(WDOsCU30))s{FOsCI31))s(AEQsCI(32))sAREA
9,C{33))5(TIMO-C(34))

EQUIVALENCE (TIMI,C(35))s(TIM2,C{36))s (TIM3,C(3T7))s(TIM4sC{38))IT
1IMFL1.C{39) ) (FIMF2sC{40) )+ {TIMF3ClALY ) o i TIMFASC{42) )2 (F1sCL&3) Yyt
2F23CTA4) )3 {F3sC{a5) )y (F&sClas) ) {AElsCLaTI s {AEZ2sC{4B3 )2 lAE3,CL49)
3)slAESG >C(B0Y s (TIMWLaC{51) )2 i TIMNZsCIS2) ) s {TIMWISCIH3) e {TIMWGSC(B
L4)) s ATIMWS s CUBD ) Fo {TIMWEsCUS56) Y (ITIMWTsCISTIIs (UD1sCI58)) s (WD2sC(5
59112 {WD3sCLEO) ) {WDLIC{E1)}) s (WD CIE2) ) s (WDESCIBEIY I (WDTC(64))

1

TollICUT sC(66 s (TIMCCyCIOET)) s {TOLsC(H68) 2 {ZLlsCi69)1s(Z2sCLT0) (23
BCUTLY s Z49sC T2V 5 (255sC{T3V)2{Z26C{T4))3(R2,CL{T75))

S

EQUIVALENCE (ALPHAP«C{T76)) s {ALFMALyCITT)} s (ALPHAC,C[T8))s(DALFsC(7
19)) s {DLAMX s C{80) )+ {DELALFsC{811)+(DELADT,C(82)1
2
Ba{WCaCl({84) )Y+ (SEPSC(B5))5(FC-CL88)}

4

EQUIVALENCE (ALPHASCI{90))}s{3AsCI91))s{CAsCIT2})+{S8T»CLG3)1)1s{CTsC(%
143 ) s {SALTsC(9D) J s {CALTH»C {6} )9 iGRAVICI9T) s {ALT sC{98)) s {DRAGSC(99)
2Ys{FVS,C(1001)s (FMACAHSC(10113)s{VSsC{102))s(CDsCIL03))s{QDsCL104)} )
3(RHOsC{105}) )+ (PRESsC(106))s({AE-CI10T)) 2+ {(PDIFFsC{108)1)1s(FRACSCL109)
)3 {WOT s ClL110) )+ (WDOT 9 C(111) )9 (FsC(112))3{AsCL113))s(PHIsC{114}}s(C
SHI»CU115) )2 ISAVEL»C{116) ) s (ISAVEZ,CL11T) )+ (JJsC(118) )y (IMUODESC{11
69112 lUsC{120) 1 (KALSC(223})(CLyC(222) )+ (ALIFTC(123))

T
Bs (TATDsC({130) ) (ALTDSCl1313a(TOLLISCI132))s({TOL2,C(133))s{TOL3sC{1
9341)

ISAVEL=1

ISAVEZ2=1

CHOP=O .

JJ=1

IW=0

1A=0

ISTAGE=Q

TEMP=STEP

KK=1



60
61
62

64
65
66

67

190

51
22

21

11

52

23

i2

53
26

IPRINT=IPRNT-1

IF (TIM1}) 60+860s61
TMAX=TIMPC

GO TO &2

TMAX=TIM]

1F (TIMFl) 63363,64
TMAXF=TIMPC

GO TO 65
TMAXF=TIMF1

IF (TIMW1) 66466-67
TMAXW=TIMPC

GQ TO &

TMAXW=TIMW1

GO TO 6

GO TO (10115121 sKK
JJd=JJ+1

IF {JJ=4) 5145122
IF (ClLUJ+34)) 22422421
TMAX=TIMPC

GO TO 6
TMAX=C({JJ+34)

GO TO 6

IA=1A+1

AE=CIA+46)
FO=ClTA+42)

IF (IA=3) 52452+24
IF {(CUIA+39)) 24924423
TMAXF=TIMPC

1A=3

GO TO 6
TMAXF=CIIA+39)

GO TO &

IW=IW+l
WDOT==ClIW+571

IF (IW=56) 53:534+26
IF (CUIW+51)) 26426425
TMAXW=TIMPC

Iw=6

GO TO 6
TMAXW=C{IW+51)

IF {TMAXoGT « TMAXFL.OR.TMAXGT-TMAXW) IF
TCHEK=TMAX

KK=1

GO TO 13
TCHEK=TMAXF

KK=2

GO TO 13
TCHEK=TMAXW

KK=3

STEP=TEMP

CHOP=0+

ISTAGE=1

CALL INTG {TsNsKALsAZ3A31A4sA5A64AT)
IF [CHOP) 40+32+33
TIME=TCHEK

GO T0 7

CHOP=-1.

GO TO 14

CONTINUE
TOGO=TCHEK=~TIME

[TMAXF=TMAXW) 8,959

37



38

IF (TOGO-STEP) 3014514

IF (TOGO) 5275

CONTINUE

5T=ZP=T0OGO

CHOP=1.

GO TO 1

IF {SAVPAP) 454415
IPRINT=IPRINT+1

1F (IPRINT=IPRNT) 17s19s17
IF (ISTAGE) 434916
IPRINT=0

CALL OWT

ISTAGE=Q

CALL INTM

IF (ALS(TIME-TIMPC}~«0001)
IF (SAVPAP} 20520,29

CALL OWT

RETURN

END

18252



SIBFT
CCALY

1

32

C CALVA
AR SUBROUTINE TO RUN CALCULUS OF VARIATIONS TRAJECTORY

SUBROUTINE CALVAR

DIMENSION T(150),C(150)sALTA{250)sRHOTA(250)sPRETA(250)+sFVSTA(250)
1sFMTA({30)sCDTA{30),CLTAL{Z0)

DIMENSION Cl(150)sT2(150)

DIMENSION C2(150)sT2(150)

COMMON T s C

COMMON ALTAsRHOTASPRETASFVSTA»FMTALCDTASCLTA

COMMON CLlsT1yTEST1+TEST22C2sT2

EQUIVALENCE (TIMEsT(2)) s {STEPsTI3))s(XsTC4))s({RsT{5})a(VaT(B))>
1 (TATERSTIT))» (SAMsT(8) ) s (ALAMZ2sT(9) ) s {ALAM3sT(10)) s {ALAMGST (11},
2 CALAMSsT(12)) s (XDOTs»T(13}) s (RDOTaT(14)})a{VDOTsTFl15))s{TATDCT»

3 T{16))1s(SAMDOTsT{171)s (DLAMZ2,T(18) ) (DLAMBT {193 ) s (DLAMA,T(20)},
4 (DLAMS,T(21)}

EQUIVALENCE (NsCUlL1))s{STEPP»CI2}1)s{KALP»C{3) )+ {STEPC»C(&)) s KALCHC
L1(5)1)9lA2yCULEY s [A3CITI I o (ALsC(B) )2 {ASsCII) s (AGSC{10I)sC(ATCL11))
2
F3s(G0sC(13) s {IGRAVOSCI14) 33 (ROCU1H) s (PRESOSCI16))s (OMEGASCILIT s
4PHIPR,C118) 1+ ({AZCH129))

5

Ga (SAVPAPSCL21) ) s (EIPRNTSC{221) s INPRsC(23))s({I0PTsC124))s{STPC(25))
2

By (TIMPCsC{28)) 9 {WOsC(29))+{WD0OsC(30) )+ (FOsCI(31))s{AEQ0sC(32))4(AREA
F+sC(33))s(TIMD,CI34)

EQUIVALENCE {TIM1,C(35))s{TIMZ2sCi363s{TIM3+sC{3T)a{TIM4sC(38))(T
TIMFLsC(39) ) s {TIMF2sC{40) Yo {TIMF3sCI41)) o TIMF&CL42) ) s (F1sCla43) )¢
2F2+C164) ) s (F3sC145) ) o (FaaCl46) ) (AELIC{4T) )+ lAE21C(48) )3 (AE3,C(49)
3)s (AEGsCUB0)) s {TIMWISsCLBE) )2 (TIMWZ2C{5Z) )0 ({TIMW3CIBE3) ) (TIMWLC(5
4433 s (TIMWEsCI55} ) 3 (TIMWEsCI(56) ) s (TIMWTsCE5T) 1 (WD1sC(58)1, (WD25C(5
591 )2 (WD3+CLED) ) s {WDE,CLELT ) s IWDSSC{62) 2 {WD6sC(H633),(UDTsC(64))

6

TolICUTHCL{O66) o {TIMCCsCUE7 ) s {TOLSC(681Ys{Z21sC{69)1)s(22+C{TO)Y2 (243,
BCLTLY) ot ZasC T2 )0 lZ5sCIT3Y) s (Z26sCTITHII»{R24CITB)}

9

EQUIVALENCE (ALPHAP CI{T76)) s {ALFMAXaCLTT1Ys {ALPHACSC(T8))s {DALF-CY{7
191 ), (DLAMXC(80) ) 3 {DELALF,C{81))s(DELADTC(82)}

2
s {WCHC{B4) )2 (SIPSC(8B5))(FC,CLBE6))
4

EQUIVALENCE (ALPHA,C(90) Y3 (SACI{91) s {CA»CIT92))s(S8TsC(93))(CTsCH9Q
L1611 s (SALT»CI95 ) ) s ICALTsCU96) ) s (GRAVSCIST) ) s (ALT»C(98) ) s {DRAG,C(99)
29 (FVSsC{100) o (FMACHSCL101) 1o (VWS4 C(102))5({CDsC{103})2(QDsCI104)),
3{RHO»C(105) s (PRES»C{106)) s (AE+C(107) )+ (PDIFFsCL106) ) s (FRAC,C(10D)
G {WGTHCO1103) s IWDOTsCI1L1) 1o (FsC{1123)38AsCI213))s(PHISCI114))2(C
SHI»CU115) )2l ISAVEL»C{116) )2 (ISAVEZ»CLLILT) ) o (JIsC(218) )9 {IMODE>CL1]
69) ) (UsCl120))9{KALSC{L121))s(CLsC(122))»(ALIFTC(123))

T
Br{TATD»C{130)}}s{ALTDsC{13L)})s{TOLI-CI{132))s(TOLZ:C{133))5{TOL3sC(1
934y )

IPRINT=IPRNT

INISH=IPRINT-1

SEARCH=1.0

CUTOFF=TIMCC

JET=1

TLAST=TIME~1.

CONT INUE

GO TO {31s32}),ICUT

CONT INUE

39



VALUE=TIME
RATE=1.0
GO TO 33
31 CONTINUE
VALUE=V
RATE=VDOT
CUTOFF=Z1%¥SQRT( ({1l 40+Z2)¥Z3# (140t (Z4¥R)Y/R2))/ {1140+ (Z4%R¥R} /{R2%R2
L)#¥STXST)*¥R)+25)1+26
33 CONTINUE
9 CONTINUE
IF {ABS(VALUE —~CUTOFF)-TOL) 11,12,12
12 TF (SEARCH) 14,14,13
13 GO TO {15,16)»JET
15 CALL INTG {TsN+sKALsA25A33A4,A5,A6:AT7}
WHICH= {VALUE~-CUTOFF ) /ABS { VALUE-CUTOFF)
JET=2
16 CHANGE=IVALUE-CUTOFF)/ABSIVALUE-CUTOFF}
IF{CHANGE/WHICH 14,1717
14 STEP={CUTOFF-VALUE)/RATE

SEARCH=0.40
KAl=1
GO TO 15

17 IF (SAVPAP) 184+18:42
42 IF ({TIME-TLAST)}*SEARCH) 1818,43
43 INISH=INISH+1
IF (IPRINT=-INISH) 18519418
19 CALL OWT
INISH=0
18 TLAST=TIME
CALL INTM
GO TO 1
11 IF (SAVPAP}) 35,535,34
34 CALL OWT
35 CONTINUE
RETURN
END



SIBFTC DAUX
CDAUX SUBROUTINE TO EVALUATE DERIVATIVES

13
20

14

SUBROUTINE DAUX

DIMENSION T{150)sC{150)+ALTA(250)sRHOTA{250),PRETA(250)sFVSTA{Z250)
1sFMTAL30) 2 CDTAL30) +CLTA(30)

DIMENSION C1{150),T1(150)

DIMENSION C2(150),T2(150])

COMMON T y C

COMMON ALTAsRHOTASPRETAIFVSTAsFMTASCDTASCLTA

COMMON ClsT1sTEST1sTESTZ2sC2,T2

EQUIVALENCE (TIME,T(2))s(STEPsT(23))s(XsT(4))s(RsTID))s{VsT(o)}s
1 (TATERsTU(T) ) s (SAMT(B) ) s {ALAM2aTI9I ) {ALAM3TI10) ) s (ALAMGT(21})
2 {ALAMBsT (123} s (XDOTsT(13) ) s {RDOT»TILA) I (VDOTH»TI15) ) {TATDOT,

3 T(16) s {SAMDOTsT(17)) s (DLAM2,T{18) s (DLAM3,T{19) s (DLAM&,T{20)} )
4 (DLAMSsT(21)}

EQUIVALENCE [NsaC{1))sISTEPPsC(2) ) s (KAIPsCI(3))s{STEPCsCtA4} )2 (KALCSC
1051 s lA2»CIEY)I» A3 CIT)I )2 (A4»C{8) )2 (ASCI9) ) (A6sCI10)22{ATC{1]]))
2
35(G0»CI13)) s (GRAVOSC(14) )5 {ROsC({15)1Ys{PRESQsC(16)}»{OMEGA»C{17})s{
4PHIPRsC(18) s ({AZ5C(19))

5

Gy [SAVPAPC{21)) s (IPRNTSC(22) s INPRoCI(23))s{IOPT+sC(24))s(STPsC(25)}
7

By (TIMPCsC(28)) s (WOsC(29) )9 (WDOSCI303)s(F0sC{31))s(AEQsCI(32))s(lAREA
99C(33))s(TIMOSC(34]))

EQUIVALENCE (TIMLsC({35))s(TIMZ25C(36))s{TIM3,CI{3T))slTIM4»C(38)}3IT
LIMFLYsC({39) s {TIMF2,C({40) s {TIMF3sC{41) ) s I TIMF4»Cl42))s(F1aC{43))(
2F23C144)) 9 (F3,C{45) )9 {F4sC{46))alAEL»C(4T) ) (AE2,C(48))s(AL3,C(49)
B3) s {AESG,C{SO) )2 I TIMWYLaCIBL) Yo (TIMW2+C(52)) s (TIMW3,CI53}) s (TIMWGsC(3
L4 3 ) s {TIMWE s CUED) )5 (TIMWEsCI58) )5 {TIMUTSC{5T71) s {WD1>C(58) ), {WD2,C(5
59)) s (WD3,CLE60) s (WDGsC{EL) s (WDE,C{B2))s(WDELCL63))(WDTsC(64))

[

TelICUTC(E8) ) s ITIMCCHCIOETY) o {TOLSCT(HB)) 2 (Z1»C{O9) )9 (Z2+4C{TO} ) (L3,
BC(TI) )9 (ZGeCIT2) )2 (25sC{T3)a{Z65C{T4})s{R2,,C{T5}

9

EQUIVALENCE (ALPHAPC{T76)) s {ALFMAXsC(T7)) s {ALPHAC,C(781) s (DALFSC{T
19)) s (DLAMXsC(80) } s (DELALFSC{B811)s{PELALT,C(82))

2
e {WCsCiB4))»(SIP-CIB5) )+ {FCCIBE))
4

EQUIVALENCE (ALPHAsC(90))s(SAsC{91})s{CAsC(F2})s{STsCI(93))+(CTHC(T
14) )+ LSALT s C(25) ) s {CALTsC({96) ) s (GRAV1C{FT) 2 (ALT +C{98)}2(DRAG,C(99)
219 (FVS5sCL100) s (FMACH,C(1011 12 (VSsC(1Q2))s{CDsC{103))2{QD,C{104)),
3(RHOsC{105) )+ (PRESC{106))sAECI{I07)}s{(PDIFF-C(108))s+{FRACS,C(109)
419 (WGBTS CLL11C) ) »{WDOTsC(111))s(FaCt112))stAsCIL23))s{PHILC{114))}s(C
SHISC{115))s(ISAVEL»C(116))s{ISAVEZ,CI117))s(JJsCL118B)Y)»{IMODEsCI(11
6911 lUsCL{120Y )5 (KA1, Cl121) )5 (CLsCt122) s {ALIFT»C(123})

7
82 (TATDCI130))s(ALTD+C{131))s{TOLLyCU132)}s(TOL2sCE{133))9{TOL3sC{1
234))

GO TO (1.2)s IMODE

CONTINUE

GO TO (1342091433013} sJJ

ALPHA=ALPHAP

GO TO 3

ALPHA=ALPHAP+{ ALFMAX~ALPHAP ) ®{ TIME~TIM1 )}/ (TIMZ2-TIM1}

GO TO 3
ALPHA=ALFMAX

G0 TG 3

41



Lol RPN

ALPHA=ALPHAP+{ALFMAX-ALPHAP)#(TIM&4-TIME}/ (TIM4-TIM3)}
SA=SIN{ALPHA)

CA=COS({ALPHA)

GO TO &4

CONT INUE

U=SQRT { ALAM4##* 2+ VEALAM3*%2 )

SA=ALAM&G/Y

CA=ALAM3%V/U

ALPHA=ATANZ (SAsCA}

ST=SIN{(TATER)

CT=COS(TATER)

FRAC=RO/R

GRAV=GRAV(O*FRACXFRAC

XDOT=FRAC*V*ST

RDOT=V#CT

GO TO {5,9)s IMODE

CONTINUE

ALT=R~RO

SAMDOT=WDOT /GO

CALL TABLE

PDIFF=PRESO-PRES

F=FO+AE#PDIFF

VDOT=(F*CA-DRAG) /SAM-GRAV*(T

IF (V) 7y 6 7

TATDOT=0.0

GO TO 8

TATDOT=(F*SA+ALIFT) /7 { SAM¥VY} +(GRAV/V-V/R)#ST

RETURN

SAMDOT==F/SIP/GD

VYDOT=F/5AM ¥ CA —~GRAV *(T

TATDOT=F/ (SAM*V ) ¥S5A+ST#GRAV/V=-ST#V/R

DLAM2==2, 0¥ ALAMB*GRAV/R#CTH+ALAMG/R¥ST#2 4 O#GRAV /V-ALAM4 /R¥STHY /R
DLAM3=-ALAM2%CT+ALAM4/VE{ (FXSA) /(SAMXVI+HIGRAY /V+V/RIHXST)
DLAMG=ALAM2 #V%ST=ALAM3#¥GRAV#ST-ALAMARGRAV /VECT+ALAMA*V /R%CT
DLAMS=F/SAM¥%2% (ALAMA¥CATALAMG /VESA)

RETURN

END



$SIBFTC OWT
COWT OQUTPUT SUBROUTINE

SUBROUTINE OWT

DIMENSION T(15OJsC(150),ALTA(250)’RH0TA(250,5PRETA(25OJ’FVSTA(250]
1sFMTAI30)sCDTAI3UYSCLTA(30)

DIMENSION C1{150},T1(150}

DIMENSION C2(l50)’T2(150)

COMMON T C

COMMON ALTA!RHOTA PRETASFVSTAsFMTALCDTASCLTA

COMMON Cl1sT1sTEST1sTEST2sC2,T2

EQUIVALENCE (TIMEST(Z2}) s (STEP»T(3)) sl XsT{4))s(RsT{B))s(VsT(6))>
1 {TATER»TUT7)}s(SAMsT(8))s (ALAMZ2T{9) 1o (ALAM3sT{10} ) s {ALAMEG»T(21) 1}
2 (ALAMS sTU12)1)+{XDOT+T{13))s(RDOT»T(14) ) (VDOTsT{15))s(TATDOT s
3 TClEI )+ {SAMDOT sT(L7) s {DLAMZ2aT(18) s (LLAM3sT(19) ) s (DLAMG»T{20})
f (DLAMSsT (211}

EQUIVALENCE (N2sCUlL1))s(STEPP,C{2}1)s{KALP»CI(3}) s (STEPC»C(41)3(KALCSC
105115 0A29C o) alA3sC T ) s [A4 CIB))2{AS»C{9) ) (AEICILIQ) 2 {AT»C{11})
2
39 (GOsC({13) )} (GRAVOsC(E4) ) s{ROsC{15}) ) s (PRESGsC(16))>{OMEGA»C({1T})s{
4LPHIPRsC{181 18 (AZ»C119))

5

63 (SAVPAPSCIL21)) s [IPRNTSCl22) ) s {NPRsCI(23)) s (IOPTsCL24))3(STP+sL(25}))
7

By {TIMPCsC{28))s {W0sCI29))s (WDOsCI30))s(F0sC{31))s(AE0+C(32)) s (AREA
Q.C{33})-(TIMO+C(34))

EQUIVALENCE (TIM1,C(35))s(TIMZaC{36) ) (TIM3aCU3TH)o{TIMLGSC(38))s(T
TIMFLsCU39) ) s {ITIMF2+CI&0 s (TIMF32C{ALY) 2o (TIMF4,CL42) )8 {F1sCl43) )0l
2F22CLa8)) s IF3sC 45)) s (F4sCl46) s (AELSC(4T) )} s (AEZ2»Cl48})LAE3,C(49)
33 (AE4C(B0) )2 {TIMWLsC{S5L) ) o {TIMW243C(52)) s (iTIMW3,CI53)),{TIMWLsCHLD
G4) ) (TIMWEsC(55 s {TIMWESCI(56) ) s {TIMWTSCI5T))s(WDLsCI58)1,(WD2,CH(5
591 ) s (WD3sClo0)) s (WDEsC{E1L)) s {WDEsC{H62))s{WDESCTIHE3))»{WDTsC(64))

&

T lICUT»CIE68) ) (TIMCCsC(ETI) o {TOLSC(O68))s(Z1sCIE9Y )2 (Z2+CLT70) 2143
BCIT7L)YY o (Z24sC{T2))0{25sCUT31)s0Z6sC(T4))»(R2,CLT5))

9

EQUIVALENCE ([ALPHAP,C{T6)) s (ALFMAXsCI{TT) 1 s {ALPHACsC(78) ) {DALFCA(7
19) s {DLAMXsC(B0) ) s {DELALF»C(81})» (DELADTC{82))

2
3y (WCsC{84))s(SIPsC{85))»(FCyCL861)
4

EQUIVALENCE {(ALPHASC(90)) s {SAsC{TF1)) s (CAsC(TF2)1+0S8TsC{93})s(CTsC{9
14811 (SALTSC(95) )9 (CALT9CU96) ) o (GRAVsC(9TY ) s (ALT>C(198) 1 s (DRAG,CI(99)
213 {FVSsCL100) s (FMACHsCIL01) ) s (VSsCL{L02))s{COsC{103)1+(QDsC(104}1}s
B(RHOsC(105)} ) »(PRESsCI106)) s (AEsC(10T)}) s (PDIFF4C1108) )+ (FRACSC(109)
L) s (VGTsCU119}) s (VDOTHC{111) )4 FaCt112))sCA»CLI13) s (PHILC{1L4))»1(C
S5HE>C{115} ) s {ISAVELC({116))s{ISAVEZSCIAITI)s(JJsCU118) 1 {IMUDECI11
691 ) (UsCl120) )5 (KALSCI121) ), (CL,CL122)) s tALIFT»CL1231})

7
Bs{TATDSC{130))s (ALTDSsC{131})s{TOL1,C{132))s(TOL2,C{133))s(TOL3,C(1
9341))

Z=5T7 295775

E2=TATER*Z

E3=TATDOT*Z

E4=ALPHAX®Z

PHI=X®#Z/R0

CHI=E2+E4+PAI

WGT=SAM%GO

GO TO (1421 IMODE

1 CONTINUE



bl

GO TO (344435553),JJ

3 ADOT=0.
GO TO &

4 ADOT=(ALFMAX-ALPHAP)/(TIM2-TIM1)}
GO 70 6

5 ADOT=(ALFMAX—ALPHAP)/(TIM3-TIML}
G0 TO &

2 ALT=R-RO
DALF=ALAMZ#V%SALT/U-GRAVH*ST/V+SARVXCALT /R-SA¥*F/ (V*5AM)
ADOT=DALF

A= ALAM2#RDOT+ALAMI*VOOT+ALAMA4*TATDOT+HALAMBXSAMDOT
6 ADOT=ADOT#Z"
WRITE (6+100) XsXDOTsTIME»E&4+ADOTR«RDOTsALT s WGTsWDOT sV aVDOT+F + SAM
1 s SAMDOT »E2E3»GRAVPHI s CHI
GO TO {11,12),1IMODE
1} WRITE {6s200) RHO,PRESsVSsDRAGSALIFTsQD,AE,FMACHSCDsCL

GO TO 13
12 WRITE (6s300) SIPsALAMZ>ALAMA JALAMA ALAME s A3 DLAM2sDLAM3 s DLAMS »
1 DLAMS
13 RETURN
100 FORMAT {8HOXXX El4e7s12H xbOoT El4e7+12H TIME El4e7,
112H ALPHA El4.7912H ALDOT E14,7/8H RRR El4e7s12H
2RDOT ElGe7512H ALT El4.7512H wlBS E14.7412H WDO
37 El4.7/8H VEL El4.7512H VDOT E14.7,12H THRST El4.
4T7s12H MASS El&se7s12H MDOT E14.,7/8H THETA FEl14.7s12H
5 THDOT El4.7s12H GRAV El4e7512H PHI El4ae7sl2H C
6HI El4.7) -
200 FORMAT (8H RHO El4.7s12H PRES El&éeTs12H VS El4e7>»
112H DRAG El4.7512H LIFT E14.7/8H @ El4e7312H
2AEX El4.7512H MACH E14,7412H cp El4e7512H CL
3 El4.7)
3C¢0 FORMAT (8H ISP El4«7s12H LAM32 El&4e7s12H LAMB3 El4a«7s
112H LAMB4 E14.7s12H LAMBS E14,7/8H AAA El4e7+12H
2DLAM2 El&e7312H OLAM3 E14.7s12H DLAMG El4a7,12H bLA

3M5  El4.7)
END



SI8FT
CTABL

100

110

C TABLE
E SUsROUTINE FOR LOOK UP AND AERODYNAMIC PARAMETERS

SUBROUTINE TABLE

DIMENSION T(150)sCl1501ALTAI250) RHOTA(I250)sPRETAIZ50)sFVSTA(250)
1,FMTA(30)CDTA(30)sCLTAL30)

DIMENSION Cll150})sT2(150)

DIMENSION C2(150),T2(150)

COMMON T s C

COMMON ALTASRHUTASPRETASFVSTASFMTASCDTASCLTA

COMMON Cl+T1sTEST1+TEST2:C2,T2

EQUIVALENCE (TIME,TU2) )2 {STEPsTI3)) s (KoTla)Is(RsTI5})s{VsTI(E) )

1 (TATERSTU(T) s (SAMsTIB) ) > {ALAM2sT{9) ) {ALAM32T (10} )9 {ALAM&»T(111))
2 (ALAMBST(12)) s (XDOTsT{13))+{RDOT-T{L14))s (VDOT,TI(15))s(TATDOT

3 T(16)Y)s (SAMDOT «T({17)) s (DLAMZsT{18))s{DLAM3sT(19))s{DLAMGsT(20)1})s
4 (OLAMB.T(21))

EQUIVALENCE (NsCl1)) o (STCPPsCI2) 15 (KALPsC(3))s (STEPCCi4} )+ {KALCHC
1(5) ) (AZH»ClEI s (ABSCITI s (AGesCIB)) s (ASC{9) 1o (AGsCI10) ) lATC(11))
2
35(G0»C(13))>(GRAVOSCILG)) s IRDsC(15} ) s (PRESOsC{16)) s (OMEGAST(1T))s(
HGPHIPRyC(18) 12 {AZsC{19))

5

G {SAVPAPYC{21) ) 2 {IPRNTsCUl22)1 ) s INPRYICI23) )2 I0OPTsCL24) 12 {SETPsC{25))
7

Be (TIMPCsC(28) 19 {WOsCI{29)) s (WDOsC{30)})2(FO-C{31))»(AED»C(32)),{AREA
D9CI{33)) s (TIMULC(34)}

EQUIVALENCE ({TIM1,C(35)){TIMZ2sC(36) ) a(TIM3sC(3T))s{TIM4GaC{3B))s(T
1IMFLICi39)) o {TIMF2+C 40 o {TIMF3sCl&LIVs(TIMF4sC(H27) s (FLlaC{43) )¢
2F2sCl44) s (F3+C {45) )2 (FasC{46))s{AELsC(4T))»{AE2,C(48))s{AE3,C(49)
3Ys lAES4 s C(B0 )} s {TIMWIL»CUBL ) s (TIMW2,C{52) )y (TIMW3,C(53) 1o (TIMW42C(D
44y s A{TIMWSC{B5 ) ) {TIMWECI5H) s {TIMWTsCIET7))slWDLsCI58))s({WD2,C(5
5911 (wD3,C{60)}slUDGsC{ELY]) s{WD5C{E2))s(WDEAC(E31){WDTC{64))
<)

TelICUT»Clob) ) s (TIMTCsC({BT)I)s{TOLsC{EB8I) s Z1sC(69)10(Z2yCITQO))I{Z3
BCUTLI) (26T IT2Y)3{Z25sCUT2) ) 2{Z6sC(T4)Y)s(R2,C(T75))
9

EQUIVALENCE (ALPHAP,,CIT6) ) (ALFMAX sC(T7) 1 (ALPHACSC(TB) ) s (DALFsC(T
19))s {DLAMX+C(B80) ) {DELALFsC(B1Y)s(DELADT,C(82))

2
B lWCCiBGY) st SIPSCIB5 )4 {FC,C(86))
&

EQUIVALENCE {ALPHACIO01) s lSAsCIOL ) ) s (CALCIO92) ) s (STC(O3))5(LTsCHLO
141 )5 (SALTSCIO5) ) o {CALTsC(96) Y s {GRAVSCIFTI s {ALT»Ct98) )+ (DRAG,C(99)
2y lFYSSCLLI00) ) s (FMACHSCUIOL ) s (VSsCT1102)),(CDsC{103)}+(QDsC{104)1)
3(RHO,C(105)1s(PRESsC(106) s (AESCIL10Q7) )2 (PDIFF,C{108B} )+ (FRAC,C(109}
1y (WwGTsC(110} ) (vDOTSCILI11) Ja{FsCl1L2)})2(AsC(113) > (PHISCIL14)}»(C
SHISC(115) )8 (ISAVELsC(L16) )y {ISAVEZSCI117))s(JJsCI(11B)}» (IMODESCI(11
91 (UsCII2C) ) s (KALLCI121))5(CL,C{122)) 4 (ALIFT»C(123))

7
Bs (TATDSC{1301 )+ (ALTDC(132 ) o (TOLLsC{132))a(TOLZsC{133))»{TOL3»C(1
934))

GLOM=1,0548599/G0

I=ISAVEL

IF {ALT) 100+ 110, 110G

i=1

IL=1

iu=2
GO TQ 10

IF {ALT—-ALTA(T}) 7s 10, 4

IF (1-250) 536s6

b5



ke

11

1z

16
200

210
17
18

19

20

23

14

24

25

I=1+1

GO TO 110

1=250

IL=249

1u=250

GO TO 10

I=1-1

IF (ALT-ALTA{I))} 710911

FVYS=FVSTA(I)

RHO=RHOTA (I )*GLOM

PRES=PRETAI(I}

IF (E=250) 151246

IF {I-1) 1004+12:41

IL=1-1

IUu=1+1

GO TO 12

iL=1

IU=1+1
FRACI={ALT-ALTA(IL}}/(ALTA(IU)=-ALTA(IL))
FVS=FRACL¥(FVSTA{IU)~FVSTA{IL) Y EFVSTA(IL}
RHO=(FRACI*{RHOTA(IU)=RHOTA(IL}}+RHOTA{IL) }¥GLOM
PRES=FRAC1*(PRETAIIU)-PRETA(IL))+PRETA(IL)
ISAVEl=1

FMACH=V*FVS

J=ISAVEZ2

IF (FMACH) 200s 210+ 210

J=1

JL=1

Ju=2

GO TO 23

IF (FMACH-FMTA(J)) 20s 23» 17

IF {J-30) 18s19s19

J=J+1

GO To 210

J=30

JL=29

JU=30

GO 70O 23

J=J=-1

IF (FMACH-FMTA(J)) 20123424
CD=CDTACI)

CL=CLTALN

IF {J-30) 14425419

IF (J=1) 200s25s51

JL=J-1

JU=J+1

GO 7O 25

JL=J

Ju=J+1

K=JL

FRAC2= (FMACH-FMTA(JL) Y/ {FMTALJUY-FMTA{JLY )
CO=FRACZ2* (COTALJUI~CDTA(JL) }+CDTA(JL}
CL=FRAC2*% (CLTA(JUI-CLTA(JL}I+CLTA(JL)
ISAVE2=J

VS=1e«0/FVS

QD=+ 5*RHOX*V¥Y
DRAG=AREA#QD¥* { CDXCA+ALPHA®CL®5A)
ALIFT=AREA*QD#{ -CD*SAFALPHA#CL*CA)
RETURN

END



PIBFTC MATS

11

12
130
13
14
15
16

17

25

28

SUBROUTINE MATS(AsXsNeMsNSING)
DIMENSION A(5961sX(5:1)

MM=N+M

DO 15 I=2,4N

II=1-1

DO 15 J=l,11

IFIA{TI+J)19515,9
IF(ABSTIALJsJ)I-ABS(AIT»J})}11»10,10
R=A{IsJ)/A{JsJ)

GO TO 130

R=A{JsJ}/7A(LsJ}

DO 12 K=1sMM

B=A{JsK}

AlJsKI=A(IsK)

All»K)=B

JJ=J+]

DO 14 K=JJsMM
A{l+KI=A{TIsK}-R¥A(J4K)
CONTINUE

IF{ ABS{A{NsNI)I—1.E-08)16+16,517
NSING=1

RETURN

DO 28 J=1+M

KK=N+.J

XINsJI=AINSKKIFAIN M)

DO 28 I=2,N

JJI=N-1+1

B=0.0

11=N=~1+2

DO 25 K=1IsN
B=B+A(JIJK)¥X(ksJ}

IF{ ABSIA{JIsJJ)I=1.E-08116+16,28
X{JJdeJ¥=(A(JIsKKI-BY/A(JISJI}
NSING=0

RETURN

END

b7



L8

SIBFTC IS0

CI1s0

24

SUBROUTINE ISU {(wlsG2rQ39ubyud 06, IG7)

DIMENSION X{15)sY({15)suwi3+6}+CO(2s1)sICNT(3)>RE(3)+R2(3},DVAL(3)

VAL=Q]

VARY=Q2

VALD=Q3

FINC=Q4

T01.=Q5

TEST=Q6

JGo=1a7

ICOUNT=ICNT {JGO)

K=5%JG0O

KO=K-4

IF (ABS(VAL—VALDI-TOL) 54:54,+4
IF (TEST) 1»3s1

ICOUNT=0

TEST=1.0

M=1

R1{JGO)=ABS{1+/VARY)
R2({JGO)=ABS{1./VAL)
X{XKO)=VARY*R1({JGO}
Y(KO)=VAL*R2(JGO)
VARY=X{KO}

VAL=Y [KO)

DVAL {JGO=VALD¥R2(JGO)

GO TO 53

AIKI=X{K=~1}

Y{K)=Y(K=-1)

K=K-1

IF (K-KD) 2s251
X(K)=VARY#R1{JGO)

Y {K)=VAL*R2 (JGO)

Kl=K+1

ICOUNT=ICOUNT+1

IF {(ICOUNT~%) 639645
ICOUNT=4

CONT INUE

VARY=X{K)}

VAL=Y (K}

GO TO {(12s23+25+311ICOUNT
KANT=0
VINC={DVAL{JGO)-VAL)®=(VARY=X(K1))/(VAL-Y{K1))
VARY=VARY+VINC

IF (KANT) 51,51,22

IF {ABS{VI-VARY)—-ABS({VZ-VARY)) 16s16,17
VARY=V1

GO TO 52

VARY=V2Z

[F CIVARY=X{KII/VINC) 27227,51
VARY=X(K)+VINC

GO TO 51

N=3

DO 24 I=1sN
L=K+I[-1
QUIs1)=X{L)*%x2
Qrls2)=X{L)
QUIs3)=YI(L)
Qils4)=1e0



71

25

26

T2

190

13

73

31

32

74

CALL MATS (QsCOsN,M{'SING)
IF (NSING) 7LsT1ls1l2
CONTINUE

A=COL1,1)

B=0e

C=0.

D=C0Ol2,1)

E=CO(3,51}

KANT=1

GO TO 19

N=4&4

DO 26 I=1sN

L=K+I-1
Q{TI+1)=X(L)*®%2
Qi{Is2)=XT{LIEY (L)
QEIs3)=Y(L)**2
Q{ls4)=X{L}
Q{I»5)=1.,0

CALL MATS (QsCOsNsMsNSING)
IF (NSING) 72572510
CONTINUE

A=C0(1,1)

B=CO(2,1)

C=C0{3,1)

D=CO(4,41}

E=0.

KANT=2

GO TO 19

N=&

DO 13 I=1sN

L=K+I-1
QlLlsl)=X{L)®%2
QEIs2)=X(L)*Y(L)
QIIs3)sY(L)*%2
QUIsa)}=YI(L)
QlIs5)=1e

CALL MATS (QsCOsNsM4NSING)
IF [NSING) 73+73.23
CONT INUE

A=CO(1l,s1)

B=CO(2s1)

C=C0(3s1}

D=0,

E=CO(4,1)

KANT =3

G0 TO 19

N=5

DO 32 I=1»sN

L=K+I-1
Qilsdl)=XIL)¥%2
Q{Ts2)=X(LI*¥Y{L)
@LITs3)=Y(L)*%2
QUI241=X{L)
QUEsS)=Y(L})
Q(Is5)=140

CALL MATS (QsCOsNsMyNSING)
IF (NSING) T4 74425
CONTINUE

A=C0O{1,1}

B=C0{2,1)

4o



50

19

53
51

56

54

C=C0O(3s1}

D=CO(4,1)

E=CO(5s1}

KANT=4

CONTINUE

BB=B*DVAL (JGO}+D
CC=C*DVAL [JGO) *#2+E*DVAL(JGO) -1,
DSCRIM=BB*%*2=4,¥A¥(C(C
IF {DSCRIM) 72848
FORT=SQRT (DSCRIM}
V1=[{-BB+FORT )/ (Z2.0%A)
V2={-BB-FORT)/{20%A)
60 TO 11

CONTINUE

GO TO (9+10+23225}) +KANT
VARY==45%D/A

GO TO 51
VARY=VARY+FINC#R1{ JGO}
CONTINUE
VARY=VARY/R1{JGQ)
VAL=VAL/R2(JGO}
CONTINUE
ICNT{JGO)=TCOUNT
Q2=VARY

Q6=TEST

RETURN

TEST=0.0

GO TO 56

END



SIBFTC
CFMXMN

FMAMN
SUBROUTINE FMXMN

SUBROUTINE FMXMN({VALsVARY sFMNMXsFINCaSTPINC»TOLSTEST »J)
DIMENSION X(15}sY(15)sQ(52612C0O(552)+ICNTI3)aml(3})sW2(3)
DIMENSION FKTR(3)sR1{3)sR2(3)

ICOUNT=ICNTA{J)
Z1=W1{J)
22=Wa{.J})
Kl=5%J=4
K2=K1+1
K3=K2+1
K4=K3+1
K5=K4+)

IF (TEST) 553,45

3 5Cl=1.0

-~ o

11

12

35

Z1=0.0

Z2=0.0

TEST=1.0
ICOUNT==-1

M=1
R1{J)=ABS(1e/VARY)
R2t{J)I=ABS{1./VAL?
RIK1)Y=VARY*R1(.J}
Y(K1)Y=VAL%R2{J}
VARY=X (K1)

VAL=Y (K1}

GO TO 52
SC1=FKTR(J}
VARY=VARY*R1([J}
VAL=VAL*¥RZ2({ )

IF (ICOUNT-3} &4+646
ICOUNT=ICOUNT+1
IF (22) 354757
K=6%J

KO=K-4&
XIKI=X(K=-1}
Y(K)=Y(K=1}

K=K=-1
IFIK-K012s2»1
X{K1l}=VARY
YIK1)Y=VAL

IF (Z1) 9:9:8
5C1=5C1/2.,0
21=0,0

IF (FMNMX¥{Y{K1)~Y(K2})}10s10:50
YIK1li=Y{K2}

Y(K2)=VAL
AIK1)I=X(K2}
X(K2)=VARY

IF{Z2) 11+21.12
S5C1=-2.0%5C1
21=1.0

Z2=1.0

GO TO 52

22=-1

GO TO 22
CONTINUE

DO 55 I=1s4
L=K1+I-1

51



52

14
15

16

56

57

17

19

20

21

51

23

24

70

Cotlsl)=X(L)
CO{Es2)=Y(L)

IF ({XIKIV=X{K2V )70 (P L)Y-VARY)) las14417
IF (FrNMX#(VAL-Y(L11)] 1[&65+1641%
COM2s11=X(K1)

CO(252) =¥{K1)}
CO(as1)=X{K2)
COl4s2)=Y(K2)}

GO TO 19

COlh4s1)}=X{K3)
COt4s2)=¥Y{K3)

IF (FMNMX#({vAL=-Y(K2))) 56+56.57
CO(3+1)=VARY
CC13s22)=VvAL

GO TO 21

CO(2s1)=VARY
COt2s+2)=vaL
COI321)=X(K2}
CO(3s21=Y(K2)

GO TO 21
IF(FMMMX#IVAL=-YI(KLI))) 20-2G»18
CO{3+1)=X{K2)
COU3+s2)=Y(K2)
COtZ2y1)=X(K1}
CO(2,2)=Y{K]1)
CO451)=XIK3)

COt&4s+2)=¥Y (K3}
CO(1s1)=VARY
CO{ls2)=VAL

GO TO 21

CO{2+1)=VARY
CO(2+2)=VAL
COt441)=X(K2}

COt4s+2)=Y (K2}
X{KD)=X1K4&}

Y{KB}=Y (K&

DO 51 I=1.4

KI=K1+I}

X(KI=1)=C0tIs1}
Y{KI-131=COtI,2})
CONTINUE

GO TO (23,25,31)sICOUNT
N=3

KANT =4

DO 24 I=1,3

L=K1+-1

QUETsdla=X(L}*ex2
QiIs2¥=X{L)

QUEEs3)=Y(L)}

Qilsd1=140

CALL MATS {UsCCsNsMsNSIAG]
IF {NSING) T70s70s58
CONTINUE

A=CO(14+1)

8=0.

C=De

D=CO(2,2)

E=CO(3,1)

GO TO 33

N=4



26

73

29

36

11

31

32

72

33

27

KANT=1

DO 26 I1=1,4
L=K1+I-1
QUIsl)=X{L)%%2
QlIs2)=X(LI*Y({L)
Q{Is3)=Y{L)EX2
QiIs&)=X{L}
Q{Is5)=1a0

CALL MATS {(QsCOsNsMsNSING)
IF (NSING) 73973529
CONTINUE

A=CO(1s1)

B=CO(2y1)

C=C0{3s11}

D=CO{44+1}

E=0a

GO TO 33

N=4&

KANT=2

DO 30 I=1s4
L=K1l+I=-1
QiIs2}=X(L)%%2
Q{Ie2)=XIL)I¥YI{L)
Q{Is3)=Y(L)%EX2
Q{Is&)=Y(L)
Q{iIs5)=180

CALL MATS (QsCOsNsMyNSING)
IF (NSING) 7171523
CONT INUE

A=CO0(1,1)

B=C0O(2s51)

C=C0(3,1)

D=0.0

E=C0{4,41)

GO TO 33

N=5

KANT=3

DO 32 I=1,5
L=K1+I-1
QUTs)l)=X[L)%x%2
Q{Is2)=XLL)%EYIL}
QUEs3)=Y{L)#%2
Q{Ts4)=X{L)
Q{ls5)=¥Y({L)
Q(Isb)=1a0

CALL MATS (QsCOsNsM,NSING)
IF (NSING) T2+72425
CONT INUE

A=C011,1)

B=C0(2,1)

C=CC(3,1)

D=COt4,1)

E=COf5,1}

CONTINUE
AA=C=425%B%%#2/A
BB=E-+5#B*D/A
CC=—a25%#D%¥2/A~1.0
IF (AAY 2743727
QUAN=BB#*#2=04 .2 AA%CC
IF (QUAN) 34,38+38

23



34 GO TO (29923425458 ) +KANT
37 YPRED=-CC/BB
GO TO 39
38 YPRED=+5% (—-BB+SQRT{QUAN)}/AA
KAN=1
GO TO 39
28 YPRED=+5%(-BB=-SQRT(QUAN))/AA
KAN=2
39 VAREE=-.5%{B*YPRED+D)/A
GO TO 60
58 TERMI={(Y{K3)=Y(K1})})/{XIK3)~X{K1}}={Y(KL)-Y{K2))/{X{K1)=X(K2))}/
1 (X{K3}=X(K2)]
TERM2=(Y(KL)-Y(K2) )}/ (X(KL1}-X{K2))
VAREE=45% (X (K2)+X(KL}~TERM2/TERMY)
YPRED=TERM1%#VAREE#%2+ (TERMZ~(X(K21+X (K1) )¥*TERM1 ) *VAREE+Y {K2)=X(K2)
1 *TERM2+X (K1)#X (K21*#TERM1
&0 CONTINUE
WRITE {6+2003A58,CsDsE-B88,CC,
100 FORMAT (2HOA»E1547s3H BsEl547:3H CsE154733H D,E15.793H EHEL5
le794H BB+E154T7s4H CCsE15.7)
VARI=VAREE*574295775/R11{J}
Y1PRED=YPRED/R2{J)
WRITE (6+200) Y1PRED,VARI
200 FORMAT (2E18,7)
IFIXIR1II-XUK2}Y) 4141542
41 SIG =1.0
GO 7O 43
42 SIG ==1l.0
43 IF (SIG¥{VAREE-X(KZ21}145s44344
45 IF{XIK1II-X(K3)] 46246547
46 516 =10
GO TO 48
47 SIG ==1.0
48 IF (SIGHIVAREE-X{K3)1)59s44+44
44 GO TO (28,341 ,KAN
59 IF {ABS{VAL-YPRED)~TOL*R2(J)) 543154,13
13 VARY=VAREE
GO TO 53
50 Z22=1.0
SC1L=STPINC*S5CL
52 VARY=VARY+SCI#FINC*R1(J}
53 ICNT(J1=ICOUNT
FKTR{J)=SC1
WliJi=21
w2tJl)=z2
VARY=VARY/R1(J}
VAL=VAL/R2(0 )]}
RETURN
54 TEST=040
6O TO 53
END

!
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